Abstract: Practical issues in pump phase synchronization necessary for coherent all-optical processing are discussed, including feed-forward carrier recovery of phase encoded signals.
Main challenges
Generally, in telecoms one deals with digital amplitude modulated (on-off keying, OOK) or phase (BPSK, QPSK) and phase/amplitude (16-QAM, 64-QAM, etc.) modulated signals. A component of the carrier wave is present in the spectrum of OOK signals and it is thus relatively straightforward to phase synchronize such signals to the pump(s). However, with the exception of the low-noise amplification, these signals would do not profit much from PSA technology, as the phase is only of limited importance in their transmission/detection. Phase and phase/amplitude modulated signals are good candidates for PSA-based processing, however, they do not contain a component of the carrier in their spectra and thus phase synchronization to any pumps is thus less straightforward. This latter feature makes these signals difficult-to-process in general and most published works use either differential processing (comparing two consecutive bits) in which the differential phase information is moved to amplitude, or operate in a system in which the carrier is supplied/transmitted separately. Another possibility is to adopt a particular coding scheme that leaves a trace of the carrier [7] . We have recently published another method that operates in a black-box manner (only carrier-less data at its input) that is described later [6] .
So far, PSA has been implemented in c 3 media using fully degenerate FWM in an interferometric configuration (non-linear loop mirror, NOLM) [8] , or in a non-interferometric configuration using (partially) degenerate FWM [2] , Fig. 1 . In the first configuration, a single phase locked pump beam at the same frequency as the signal is required. In the latter configuration, the phase matching condition requires 2f DataCarrier -f Pump1 -f Pump2 =const. It is perhaps worth mentioning that fulfilling this condition is not phase-locking in the classical sense in which any pair or signals are phase locked (e.g. f DataCarrier -f Pump1 =const, f DataCarrier -f Pump2 =const).
In our work, we consider only situations in which the incoming signal is contained in a single channel (we do not transmit a pair of signal-idlers carrying the same information over the network, as suggested in [1] , Fig. 1b) , and that the processed signal should have the same carrier frequency (wavelength) as the incoming signal. This can be achieved in the NOLM based approach, or using two-pump degenerate FWM (Fig. 1a, 1c respectively) . 
Synchronization of incoming data to pumps
We consider two classes of methods. The first one recovers the carrier wave (a Carrier Recovery, CR) that can be used to further synchronize the pumps. The latter directly synthesizes the pumps thereby fulfilling the phase synchronization condition specified earlier. CR can be achieved using a feed-back [9] , or a feed-forward method [10] . Here, we discuss a new feed-forward method we published recently [6] that uses only relatively slow speed electronics. The other class of phase synchronization methods are what we have used in most of our PSA work to date (including all-optical regeneration of binary PSK (BPSK) and QPSK modulated signals): specifically, FWM combined with injection locking of a semiconductor laser. The first step is common to both methods discussed -modulation stripping as shown in Fig. 2 . Although the idlers of interest (e.g., 1
st for BPSK and 3 rd for QPSK) are data modulation free, they are not directly useable. Firstly, the phase-stripped idler contains the residual amplitude modulation present on the data; Further reasons are different for the two schemes.
Carrier Recovery: The idlers, Fig. 2 possess phase fluctuations originating from the finite linewidth of the pump laser. Further, the idler wave does not follow the signal carrier itself, but rather its (M-1) th multiple. Finally, the idler wave is at a different wavelength, which is undesirable for most applications. (e.g., it cannot be used for homodyne processing or in NOLM). We explain our method on BPSK modulated signals as its extension to higher modulation formats is straightforward.
First, we perform the afore-mentioned modulation stripping together with a second parallel mixing process in which another CW signal (Intradyne LO) is mixed with a portion of the same Pump. The offset frequency between the Intradyne LO and the data carrier is set such that the difference is within the bandwidth of RF electronics. Fig. 4 Pumps/data synchronization using modulation stripping (Fig. 2) followed by a narrow-band phase filtering and saturated amplification of the idler using optical injection locking.
By filtering the two idlers and beating them at the detector, we obtain W beat (Fig. 3 ) that can be divided in an RF frequency divider. After some mathematical manipulation it can be shown that [6] : w carrier =W beat /2+w intradyneLO . Thus, the carrier (Homodyne LO) can be obtained by shifting the Intradyne LO frequency by RF frequency W beat /2 (using, e.g., a single-sideband modulator). We implemented this method for BPSK signals and recovered carrier at its original frequency with precision better than 1 Hz. The processing bandwidth is practically unlimited as it is based on ultra-broadband FWM. We demonstrated results up to 20 Gbaud, even in the presence of residual dispersion (50 km of SMF-28).
Pump-Pump-Data phase synchronization:
The scheme shown in Fig. 1 was used for Pump-Data synchronization for many PSA studies [1, 2] . The biggest disadvantage is that the idler (Pump 2) has typically much less power than Pump 1 and ensuring power equalization is energetically inefficient and leads to significant noise pick-up during the post-amplification process. An option to mitigate the power issue is to selectively amplify the idler itself via a narrow-band filtering process. When this amplification is also saturated, the amplitude variations due to the residual data amplitude modulation can be also suppressed. Both these conditions can be met by injection locking a semiconductor laser with the idler [11] , which is the approach we chose, Fig. 4 . The injection locking has another important feature that is crucial for all-optical regeneration: its bandwidth (bandwidth over which it can track phase changes of the idler) can be controlled via the injected power level. If the bandwidth is too large more noise is transferred onto the Pump 2. On the other hand, if the bandwidth is too narrow, phase slips (defined as a slip of phase of 2p) can be observed.
Other practical considerations
There are two other key issues to be considered for a practical PSA. First, due to the potential for thermal drift/acoustic pick up, it is essential it to ensure that the phase synchronized waves (data, pumps) propagate through as much of a common path as possible and that where the beams are functionally required to travel separately the associated optical path lengths are minimized and are subject to a common environment (e.g. by placing fibers next to each other, or by using photonic integration). Even then though, it is still necessary to implement an active control scheme to control the relative path length e.g., via a PZT fiber stretcher. A feedback speed in the Hz to several kHz range (depending on implementation) is usually sufficient. A second key important issue is the choice of the nonlinear medium -particularly with regards to Stimulated Brillouin Scattering (SBS). Pump phase dithering is possible, but requires special configurations [13] . A much preferred method is to use a high-SBS threshold fiber (we have used gradient-strained alumino-silicate nonlinear fibre from OFS, Demark [14] ), or another non-linear medium, including c 2 media such as PPLN [15] , offering far higher SBS thresholds.
Conclusions
Ensuring proper phase synchonization between all participating beams (signal and pumps) is a pre-requisite in any coherent all-optical signal processing system. We have reviewed some of our recent work on this issue as well as some other practical issues related to FWM as an example of such optical coherent signal processing phenomena.
